, with their inherent modulation of the electron density and associated periodic lattice distortion, represent ideal model systems for the study of such highly cooperative phenomena. With femtosecond time-resolved techniques, it is possible to observe these interactions directly by abruptly perturbing the electronic distribution while keeping track of energy relaxation pathways and coupling strengths among the different subsystems [3] [4] [5] [6] [7] . Numerous time-resolved experiments have been performed on CDWs [8] [9] [10] [11] [12] [13] , probing the dynamics of the electronic subsystem. However, the dynamics of the periodic lattice distortion have been only indirectly inferred 14 . Here we provide direct atomic-level information on the structural dynamics by using femtosecond electron diffraction 15 to study the quasi twodimensional CDW system 1T-TaS 2 . Effectively, we have directly observed the atomic motions that result from the optically induced change in the electronic spatial distribution. The periodic lattice distortion, which has an amplitude of 0.1 Å , is suppressed by about 20% on a timescale (,250 femtoseconds) comparable to half the period of the corresponding collective mode. These highly cooperative, electronically driven atomic motions are accompanied by a rapid electron-phonon energy transfer (,350 femtoseconds) and are followed by fast recovery of the CDW (,4 picoseconds). The degree of cooperativity in the observed structural dynamics is remarkable and illustrates the importance of obtaining atomic-level perspectives of the processes directing the physics of strongly correlated systems.
1T-TaS 2 is one of the most-studied quasi-two-dimensional CDW systems [16] [17] [18] [19] . It has a simple crystalline structure, consisting of planes of hexagonally arranged tantalum (Ta) atoms, sandwiched by two sulphur (S) layers coordinating the central Ta atom in an octahedral arrangement 16, 17 . In the low-temperature CDW phase, the conduction electron density becomes modulated, modifying the forces among the ions and generating a periodic lattice distortion (PLD) with a periodicity of ,12 Å . This effect is illustrated in Fig. 1a , b together with the corresponding potential energy surfaces, U(Q), where Q is the generalized coordinate of the atomic displacements. The corresponding changes in U(Q) result in a shift of the equilibrium atomic positions to introduce a PLD. In 1T-TaS 2 , the transition from its metallic, unmodulated, phase to an incommensurate CDW phase (ICP) happens at 550 K. At 350 K, a transition to a nearly commensurate CDW phase (NCCP) occurs, where the amplitude of the PLD increases abruptly from 0.03 to 0.1 Å and the CDW wavevector undergoes a sudden angular rotation from w 5 0u to ,12.3u with respect to the fundamental lattice vector of the host (unreconstructed) lattice. Finally, a transition to a commensurate CDW phase (CCP) takes place at 180 K, with w 5 13.9u and a ffiffiffiffiffi 13 p | ffiffiffiffiffi 13 p periodicity 17 . This phase transition is characterized by the appearance of the gap throughout the Fermi surface, and is argued to be due to Mott localization 20 . The appearance of the ICP can be described by the standard Peierls model 2 .
According to this, in low-dimensional systems the divergence in the static electronic susceptibility at the wavevector 2k F , connecting parallel Fermi surfaces at k F and 2k F (where k F is the Fermi wavevector), gives rise to an instability of conduction electrons against the formation of the electron density modulation. Indeed, the comparison of the topology of the Fermi surface with parallel sections that can be connected by the modulation wavevector favours the standard Peierls model for the emergence of the ICP [16] [17] [18] . the NCCP, as well as of the ICP-NCCP and NCCP-CCP transitions, is, however, still under debate 18 . Recently, 1T-TaS 2 received additional attention owing to the observation there of superconductivity below 5 K under high pressure 19 . In this study, we investigated the structural dynamics of the PLD in 30-nm-thick, free-standing slices of 1T-TaS 2 . We performed femtosecond electron diffraction (FED) experiments in transmission geometry along the c axis, that is, perpendicular to the TaS 2 layers. The films were photoexcited with 140-fs optical pulses, and 50-keV electrons, in bursts of #250 fs, were used to monitor the structural changes by recording time-delayed diffraction patterns. The diffraction pattern of the NCCP (200 K) recorded in this set-up is shown in Fig. 1c together with the assignment of some of the scattering vectors. The intense peaks are the Bragg reflections of the host lattice. Each of the Bragg peaks is surrounded by six weak satellite peaks originating from the PLD, with modulation wavevectors q i (ref. 21) , illustrated in Fig. 1c (inset) and Fig. 1d . Figure 2a -e shows the time evolution of the relative change of the diffraction signal in the vicinity of a Bragg peak, following photoexcitation. The corresponding traces of the relative changes in the Bragg peaks (DI Bragg /I Bragg ), the inelastic background (DI bckg /I bckg ) and the CDW peaks (DI CDW /I CDW ) are shown in Fig. 2f (see also Supplementary Fig. 3 ). The intensity of the CDW peaks (the satellites of the Bragg peaks), I CDW , is suppressed by ,30% on the timescale of hundreds of femtoseconds. The corresponding suppression of the PLD gives rise to more-efficient scattering into the Bragg reflections of the host lattice, manifested by an increase of the Bragg peak intensity, I Bragg , by ,15%. In the CDW state, the presence of the PLD suppresses I Bragg similarly to the effect of thermally induced disorder; that is, the presence of PLD can be looked upon as an effective Debye-Waller effect. The decrease in I CDW and the accompanying increase in I Bragg thus illustrate a cooperative phenomenon in which the optically induced redistribution of electron density efficiently decreases the PLD amplitude. Because I CDW is proportional to the square of the atomic displacements 22 , the resulting suppression of I CDW , by ,30%, corresponds to ,16% change in atomic displacements (,0.02 Å ). Following the initial increase, I Bragg is found to partially recover on the 350-fs timescale. This recovery is accompanied by an increase in the inelastic background intensity, I bckg -see the intensity changes in the area indicated by the circle in Fig. 2e for the frames between 300 (Fig. 2c) and 5,800 fs (Fig. 2e) . This process can be attributed to the generation of phonons with non-zero momentum (q ? 0); hence, I Bragg is reduced owing to the conventional Debye-Waller effect, leading to an increase in the inelastic background.
A noteworthy feature of the data shown in Fig. 2f , and elaborated on in Fig. 3a , is the apparent difference between the dynamics of DI Bragg / I Bragg and DI CDW /I CDW . Although the maximum in I Bragg is reached at a time delay of ,300 fs (Fig. 3a, dashed vertical line) , the minimum in I CDW is reached at a time delay of ,500 fs (Fig. 3a, solid vertical line) , at which point I Bragg has decreased from its maximum. This difference can be naturally explained by considering the effects of both the suppression of the PLD and the increase in the q ? 0 phonon population on the two diffraction intensities. For the case of I Bragg , the first effect gives rise to its increase as the periodicity of the host lattice is enhanced, and the increase in the q ? 0 phonon population (the Debye-Waller effect) has the opposite effect. Indeed, from the fast recovery of I Bragg and the corresponding increase in I bckg it follows that the energy transfer from electrons to q ? 0 phonons in 1T-TaS 2 takes place on the timescale of a few hundred femtoseconds (t e-ph < 350 fs). For I CDW , both the displacive excitation of highly correlated atomic motions and phonon-induced disorder contribute to its suppression, explaining the longer timescale on which the minimum of I CDW is reached.
It is instructive to compare the structural dynamics data with those of the electronic subsystem. We have performed all-optical pumpprobe measurements, where the dynamics are mainly sensitive to the changes in the electronic properties. The photoinduced reflectivity change (Fig. 2g) shows a rapid onset on the 100-fs timescale, followed by a fast recovery with a decay time of 150 fs and subsequent slower decay with a relaxation time of ,4 ps, which is nearly identical to the . a-e, Evolution of Bragg, CDW and inelastic background intensities illustrated as relative change in the diffraction pattern at several time delays following photoexcitation with a fluence of 2.4 mJ cm 22 and a photon energy of 3.2 eV (see also Supplementary  Fig. 4 and Supplementary Information). These images were obtained by averaging (area enclosed by the box in Fig. 1d ) over all individual Bragg reflections to increase the signal-to-noise ratio. The circle in e represents the area over which the inelastic background intensity was monitored. f, Corresponding dynamics of DI Bragg /I Bragg , DI CDW / I CDW and DI bckg /I bckg with fits to the data (dashed lines) and the extracted timescales. The suppression of the PLD, that is, the CDW peak intensity at negative time delays, is due to an increase in the sample temperature caused by the photoexcitation pulse train (accumulative heating). The initial drop in I bckg is an artefact, a result of the decrease in the diffraction intensity of the nearby CDW peaks, whose tails extend well into the region where the inelastic background was evaluated (e). g, Dynamics of the differential reflectivity change, DR/R, at 1.55 eV (800 nm), recorded at the same initial temperature and the same excitation energy density, together with the fit (dashed line). The signal has been offset vertically for presentation purposes. The oscillatory response corresponds to the coherently excited amplitude mode at 2.3 THz and phonon mode at 2.1 THz (refs 9, 11, 21) . Inset, fast Fourier transform (FFT) of the oscillatory component.
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CDW recovery time observed in the FED studies. The short decay timescale is identical to the one obtained in the NCCP by time-and angle-resolved photoemission spectroscopy 11 (tr-ARPES) and can be attributed to the electron-phonon energy transfer. Because the electronphonon scattering rate is strongly momentum dependent ( / 1/q), it is quite natural to observe shorter time constants in optics and tr-ARPES than in FED. In the former experiments the signal is dominated by the energy transfer to q < 0 phonons, whereas in the latter the behaviour of I Bragg and I bckg is governed by the population of large-q phonons. In the optical data, owing to their high signal-to-noise ratio, in addition to the electronic response a weak oscillatory signal is observed. The main mode observed at 2.3 THz is the totally symmetric amplitude mode 9, 11, 23 of the CDW, whose amplitude is apparently smaller than the noise level in the FED data.
Despite the fact that a large amount of energy is transferred to phonons on the subpicosecond timescale, the system is not yet in thermal equilibrium 1 ps after photoexcitation. The recovery of the PLD amplitude is clearly observed in I Bragg and I CDW . This timescale is well decoupled from both subpicosecond timescales. By fitting the recovery of I CDW with an exponential decay, we obtain a CDW recovery time of t rec < 4 ps. As this timescale is much longer than the oscillation period of the amplitude mode, it is reasonable to assume that the electronic part of the order parameter follows the PLD on the aforementioned timescale. Here the process that governs the CDW recovery dynamics is the thermalization with the longer-wavelength acoustic phonons by means of anharmonic phonon decay. Indeed, the characteristic linewidths of the low-energy optical phonons 23 are about 10 cm
21
, corresponding to lifetimes of 3 ps. The two distinct relaxation timescales, one of the order of 100-fs and the other of several picoseconds, are commonly observed in optical experiments in CDWs 8, 10 . From the direct structural dynamics and optical data on 1T-TaS 2 , we can conclude that the longer timescale describes the recovery of the coupled electron-lattice order parameter and that the shorter timescale corresponds to the partial recovery of the electronic part alone 14 .
To determine the time constant for the electronic suppression of the PLD, which leads to an increase in I Bragg , we analysed its dynamics. By fitting ( Supplementary Fig. 5 and Supplementary Information) the I Bragg trace, taking into account the finite optical and electron pulse widths, we determined a timescale of t supp < 250 6 70 fs for the PLD suppression.
Information complementary to the above findings comes from considering the energy flow following photoexcitation. In the experiments with fluences F 5 2-4 mJ cm 22 , no signature of the NCCP-ICP transition is observed. Only at F 5 4.8 mJ cm 22 is the photoinduced NCCP-ICP transition realized ( Supplementary Fig. 6 and Supplementary Information), as demonstrated by a strong suppression of the CDW peak intensity and a rotation of the primary CDW wavevectors, q i , by w < 10u. Using the literature values of the optical constants and the overall specific heat (Supplementary Information), we obtained a temperature increase of ,180 K at F 5 4.8 mJ cm 22 . This implies that the energy needed to drive the phase transition is comparable to the energy required simply to heat the sample across the phase transition. The rapid energy transfer from the electronic system to phonons (t e-ph < 150-350 fs), which is competing with the electronically driven PLD suppression process (t supp < 250 fs), and the fact that the electronically excited symmetric amplitude mode does not map into the rotation of the CDW wavevector, suggest that the NCCP-ICP transition can be driven only thermally.
The direct structural information obtained with FED, supported by time-resolved optical and published tr-ARPES 11 data, enabled us to elucidate the dynamics of the coupled electron-lattice order parameter (Fig. 3b) . Strong photoexcitation and subsequent electron-electron scattering creates a high density of electron-hole pairs within #100 fs, raising the effective electronic temperature to several thousand kelvin. The electronic modulation is thereby strongly suppressed, modifying the potential energy surface U(Q). The collapse of the double-well potential brings about highly cooperative atomic motions towards a new quasi-equilibrium. This coherent process is, however, accompanied by the rapid recovery of the double-well potential due to cooling of the electronic subsystem through the electron-phonon scattering, which also takes place on the subpicosecond timescale [8] [9] [10] [11] [12] [13] . The resulting suppression of the PLD amplitude, by ,20% (0.02 Å ), happens within a time of t supp < 250 6 70 fs, that is, about half the period of the amplitude mode, ,440 fs (refs 9, 11). After a time delay of t < 300 fs, the periodicity of the underlying lattice has increased and the amplitude of the PLD has decreased. By t < 1 ps, the electronic modulation has been largely recovered and the electrons have transferred the energy to q ? 0 phonons, randomizing the atomic motions. Finally, the coupled electron-lattice order parameter recovers on the timescale of ,4 ps, when the excess energy is TaS 2 on photoexcitation. a, Data were recorded with a 40-fs time step at two excitation fluences, and compared with the optical DR/R data. The maximum induced changes in the Bragg (dashed vertical line) and CDW (solid vertical line) peaks were achieved ,300 fs and, respectively, ,500 fs after photoexcitation. b, The evolution of the real-space structure of the Ta plane of 1T-TaS 2 following photoexcitation with an intense optical pulse (circles represent Ta atoms and blue shading represents the density of conduction electrons; the amplitudes are strongly exaggerated). Before photoexcitation (t < 21 ps), the Ta atoms are periodically displaced from their pure 1T structure, forming a nearly commensurate CDW. Intense perturbation of the electronic system gives rise to smearing of the electron density modulation (t < 0.1 ps), driving the lattice towards the undistorted state (at t < 0.3 ps, the hexagonal symmetry of the pure 1T phase is nearly recovered). In parallel, the energy is transferred from the electronic subsystem to phonons on the 300-fs timescale, resulting in recovery of the electron density modulation and thermal disordering of the lattice (t < 1 ps). The CDW order is recovered at t < 4 ps, after which time the sample is thermalized at a somewhat higher temperature.
LETTER RESEARCH
redistributed by further thermalization with low-energy acoustic phonons.
These results demonstrate the extreme robustness of the PLD in 1T-TaS 2 against electronic excitation triggered by a femtosecond optical pulse. By contrast, in the insulating CCP the gap is fully suppressed 11 at only one-tenth of the absorbed energy density used in our study. The large difference in the two energy densities presents a strong argument that the NCCP-CCP transition is indeed Mott driven 11, 19 . The present work illustrates the importance of directly observing atomic motions on timescales short enough to follow even the effect of non-equilibrium electronic distributions on strongly correlated lattice dynamics. In this respect, the introduction of table-top FED systems [24] [25] [26] with sufficient brightness and time resolution 24, 26 is opening new pathways to the investigation of a myriad of cooperative systems in which electron-lattice correlations have an important role [26] [27] [28] [29] [30] . In systems with reduced dimensionality, such as quasi-one-dimensional and quasi-two-dimensional systems, in which structural changes have a predominantly in-plane character, the use of FED may be particularly advantageous. Because information about structural dynamics over the entire two-dimensional Brillouin zone is obtained in a single experimental run by FED, it is easy to distinguish between different processes that give rise to changes in the diffraction intensities, as in the case of 1T-TaS 2 . Moreover, with further instrumental improvements, for example an increase in the signal-to-noise ratio, FED could be used to find signatures of lattice modulations, which may be difficult to determine by means of static diffraction methods, much like modulation optical spectroscopy is used to determine the electronic band structure in solids.
METHODS SUMMARY
In the present study, we used electron bunches of #250-fs duration containing 4,000 electrons, each of which had a kinetic energy of 50 keV. The electron beam (spot size, 150 mm) was collimated by a magnetic lens to scatter from the sample and generate a diffraction pattern downstream. The diffraction patterns formed on a phosphor screen after being intensified by a multichannel plate, and were recorded using a charge-coupled-device camera. The background pressures were 10 29 and 10 27 mbar in the electron gun and the sample chamber sections, respectively. We made the measurements in transmission mode at a repetition rate of 1 kHz. In this geometrical configuration, spatiotemporal mismatch and surface charging effects are negligible. The electron pulse duration was characterized using a recently developed electron/laser-pulse cross-correlation method based on ponderomotive scattering and N-body simulations. Photoinduced structural changes were initiated by 387-nm, 140-fs pump pulses focused to a spot with a full-width at half-maximum of 350 mm. The overall instrumental response time was 240-290 fs. The sample temperature, of 200 K, was achieved by using a cold finger attached to a well-conducting sample holder made of oxygen-free copper. We measured the temperature in situ using a calibrated temperature sensor. The 30-nm-thick, single-crystalline 1T-TaS 2 slices, ,200 mm 3 200 mm in size (Supplementary Figs 2  and 3) , were obtained by cleaving a thicker single crystal using an ultramicrotome. The slices were picked up from the water surface using a host copper mesh. Alloptical measurements were performed in reflection geometry using 60-fs optical pulses (carrier wavelength, 800 nm) at a repetition rate of 100 kHz. FED and alloptical experiments were carried out with the same excitation energy density and under the same sample temperature conditions.
